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Abstract
Many exoplanets have been discovered in binary star systems, on internal (S-type) or circumbi-
nary (P-type) orbits. In this study, we considered the problem of stability for planets of finite
(non negligible) mass. We approached the problem by selecting a huge set of initial conditions for
planetary orbits of the S-type, to perform high precision and very extended in time integrations at
varying: the planet mass, its distance from the primary star (whose mass is mA), the mass ratio
µ = mB/(mA+mB) for the two stars in the system, and the eccentricity of the initial star motion.
For our numerical integrations, we resorted to the use of a 15th order integration scheme (IAS15,
available within the REBOUND framework), that provides an optimal solution for long-term time
integrations. We estimated the probability of different types of instability: planet collisions with
the primary or secondary star or planet ejected away from the binary star system. We confirm
and generalize to massive planets the dependence of the critical semi-major axis on eccentricity
and mass ratio of the binary already found by Holman & Wiegert (1999). We were also able to
pick a significant number of orbits that are only ‘marginally’ stable, according to the classification
introduced by Musielak et al. (2005).
A, natural, extension of this work has been the study of the effect of perturbations induced
to circumbinary planet motion by a passing-by star, like it often happens in a star cluster. One
of the targets of this analysis is the investigation of the possibility that a planet, formerly on a
stable S-type orbit around one of the two stars, could transit to a stable P-type orbit (or viceversa).
We performed a series of more than 4500 scattering experiments with different initial conditions
typical of encounters in small star clusters. We found some interesting behaviors of the systems after
perturbation and showed how a transition from an inner (S-type) stable orbit to a circumbinary
(P-type) (and vice-versa) has a very low (but non null) probability.
2 Introduction
Orbits of planets in binary systems (Fig. 1) are traditionally classified into three categories (Dvorak,
1986):
(i) the Planet-type (P-type) external orbits around both stars in the binary,
(ii) the Satellite type (S-type) internal orbits, around one of the two stars, and
(iii) the Libration-type (L-type) orbits, corresponding to librations around the Lagrangian equilibrium
points L4 and L5, which are stable when the stellar mass ratio mB/(mA+mB) is less than ∼ 0.04
(assuming mB < mA).
While L-type orbits are not of practical interest for exoplanets in binary systems, P-type and
S-type orbits are indeed of relevant astronomical impact and deserve to be deeply studied in their
characteristics. In this note we report some outcomes of the numerical study of:
• the stability of S-type orbits of planets with a negligible mass as well as with a mass of the order
of one or 30 Jupiter mass;
• the consequences of a star scattering with the planetary system, with different initial conditions
typical of encounters in small star clusters.
Two publications with more details and results on these topics are in preparation (De Cesare &
Capuzzo-Dolcetta, 2020; Marino et al., 2020).
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Figure 1: An artistic view of the planetary orbits in a binary star system. Credit: astronomy.com
(Roen Kelly).
3 Model and Methods
We approach the problem of the planet orbital stability in a numerical way, by integrating the orbits
under different initial conditions. We consider a system made up by two star A (called primary) and B
(called secondary) in motion around their center of mass, with the planet in a co-planar orbit with zero
initial eccentricity. We call unperturbed orbit the orbit around the primary star that the planet would
have without the presence of the secondary star; in our configuration the unperturbed orbit is circular.
We varied: i) the mass ratio of the 2 stars, ii) their orbital eccentricity; iii) the initial planetary orbit
radius; iv) the planet mass. By putting all these degrees of freedom together, our dataset is made
by more than ten thousand orbits. To obtain, at the same time, an acceptable calculation time and
accuracy we use the high-precision (15th order) integration scheme IAS15 (Rein & Spiegel, 2015).
With IAS15 the systematics errors are kept below machine precision for long term integration over
at least 109 orbital time scales. IAS15 is an integration options available in REBOUND Rein & Liu
(2012), a modern open source tool for gravitational dynamics. REBOUND is written in standard C99;
an easy to use and convenient Python wrapper is also provided. Unstable orbits are defined as those
that lead the planet either to a collision onto one of the two stars or to escape from the system. To
pick unstable orbits we adopted an efficient practical quantitative criterion based on the variation of
the planet trajectory respect to the initial one.
As a demonstration, we also created a prototype of a real time orbit simulator
(link to https://giovixo.github.io/exoplanets/index.html).
4 Results
We now report how our simulated planetary orbits depend on the initial conditions for the mass and
initial semi-major axis of the planet, and on the mass ratio and eccentricity of the binary star system.
We classify the planetary orbits on the basis of their stability, considering an orbit unstable if (i) the
planet will collide in a finite time with one of the two stars or (ii) it is ejected from the binary system.
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Figure 2: An example stable planetary orbity (cyan) shown in the frame of the primary star (red circle)
. The secondary star, at the distance of 10 AU from the primary star, is not shown. The darker blue
circle is the unperturbed orbit, i.e. the orbit of the planet if there was no secondary star.
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Figure 3: An example of collision of the planet (cyan) with the secondary star (red).
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Figure 4: An example of ejection of the planet (cyan) away from the binary.
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Figure 5: Synopsis of the stability for three different values of the planet mass (0, 1, 30 Jupiter mass)
in a binary with µ = 0.5, e = 0.5. The labels are: ST for stable and marginally stable orbits, CA and
CB for collisions with the primary or secondary star, EJ for ejections.
For all the unstable orbits, we also get the survival time, i.e. the time elapsed from the beginning of
the orbit to the eventual collision or escape. For stable orbits, we estimate the mean deviation ∆r of
the actual orbit from the one unperturbed by the secondary star. An example of stable planetary orbit
is shown in Fig. 2.
Figure 3 shows an orbit leading to a planet collision with the secondary star, while Fig. 4 shows a
planet ejection away from the binary. In the last case, we notice that, before escaping, the planet
moves in an outer orbit for a while. This leads to the hypothesis that, under certain conditions, a
transition from an internal (S-type) orbit to an external (P-type) orbit could actually occur.
The distribution of collisions, ejections and stable orbits is reported in Fig. 5, for a binary star
with e = 0.5 and µ = 0.5. In this particular configuration, we find that the statistics of collisions and
ejections do not depend on the planetary mass.
A relevant parameter is the so-called critical semi-major axis ac, defined as the edge that separates
the stable and unstable region; this idea assumes that all the orbits with a ≤ ac are stable and all
orbits with a > ac are unstable. We notice that ac is well defined only if the boundary between the
region of stability (where a ≤ ac) and instability where (a > ac) is sharp.
Table 1 reports ac as a function of the mass ratio µ (from 0.1 to 0.9) and eccentricity e (from 0 to
0.8) of the binary star system for test particles - i.e. planets with negligible mass - and for 30 Jupiter
mass planets.
The results presented assume that the planetary system is isolated. However, for binary system
systems living in star clusters, the effect of scattering with a passing by star must in general be
taken into account. To attack this problem, we performed another large number (more than 4500)
of scattering experiments with different initial conditions typical of encounters in small star clusters.
Figure 6 shows an example of a trajectory in a system that has been perturbed by the scattering of
a passing by star. In this case, the trajectory shows that the planet is temporarily caught by the
secondary star (whose orbit is in red).
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Figure 6: A planetary system perturbed by a passing by star. S1 and S2 are the primary and secondary
stars, planet trajectory is in green color. The simulation reported goes from 400 yrs to 1070 yrs since
the beginning of the simulation.
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Critical semi-major axis (mp = 0, 30 MJ)
µ
0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90
e m (MJ)
0.0 30 0.43 0.36 0.38 0.31 0.27 0.23 0.20 0.17 0.13
0 0.45 0.38 0.37 0.30 0.26 0.23 0.20 0.16 0.13
0.1 30 0.37 0.31 0.30 0.28 0.24 0.21 0.18 0.15 0.11
0 0.37 0.32 0.29 0.27 0.24 0.21 0.18 0.15 0.11
0.2 30 0.32 0.27 0.26 0.23 0.20 0.19 0.16 0.13 0.10
0 0.32 0.27 0.25 0.23 0.21 0.19 0.16 0.13 0.10
0.3 30 0.26 0.24 0.21 0.19 0.18 0.16 0.14 0.12 0.09
0 0.28 0.24 0.21 0.19 0.18 0.16 0.14 0.12 0.09
0.4 30 0.21 0.20 0.18 0.16 0.14 0.13 0.12 0.10 0.07
0 0.23 0.20 0.18 0.16 0.14 0.13 0.11 0.10 0.07
0.5 30 0.16 0.15 0.14 0.13 0.12 0.10 0.09 0.08 0.06
0 0.18 0.16 0.14 0.13 0.12 0.10 0.09 0.08 0.06
0.6 30 0.12 0.11 0.10 0.09 0.09 0.08 0.07 0.06 0.050
0 0.13 0.12 0.11 0.10 0.09 0.08 0.07 0.06 0.045
0.7 30 0.08 0.08 0.07 0.07 0.06 0.05 0.05 0.045 0.035
0 0.09 0.08 0.07 0.06 0.06 0.05 0.05 0.045 0.035
0.8 30 0.05 0.04 0.04 0.04 0.04 0.035 0.03 0.025 0.0235
0 0.05 0.05 0.04 0.04 0.04 0.035 0.03 0.025 0.0230
Table 1: Critical semi-major axis ac for a planet mass (m) of 30 Jupiter mass (MJ), and for a planet of
negligible mass (test particle), as a function of the mass ratio µ and of the eccentricity e of the binary.
5 Conclusions
The problem of stability in binary star systems is a longstanding topic. In our work we have made
several progresses compared to previous works. In particular:
(i) we apply a high precision numerical integrator, also considering planets of not negligible mass;
(ii) we evaluate the statistics of the various types of instability, the ejections of the planets and the
collisions with the primary or secondary star; (iii) we study the effect of the external perturbations
due to a passing by star in a star cluster.
In the future, we will go in different directions, taking into account that the application of High
Performance Computing (HPC) techniques will allow a significant extension of the space of parameters.
In particular, we will investigate the dependence of stability on the inclination of the orbital plane of
the planet and on its initial eccentricity. Data analysis may be challenging in the case of very large
dataset; a promising way to get results for data is based on Machine Learning techniques (see Tamayo
et al. (2016)).
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